Introduction {#sec1-1}
============

Fascicular topography of peripheral nerves is complicated and their aggregation and distribution are still not completely known. However, increased understanding of peripheral nerve fascicular topography has important clinical and scientific significance. Therefore, novel research and technologies are particularly important. From a clinical perspective, knowledge of fascicular topography may benefit microsurgery (Terzis and Kostopoulos, 2007), oral and maxillofacial surgery (Terzis and Konofaos, 2008), and other surgical specialties including those for repair and reconstruction of peripheral nerve injury and nerve transposition repair to improve curative effects (Siqueira et al., 2010). In the field of bio-fabrication, and with the development of three-dimensional (3D) printing technology (Johnson et al., 2015), fascicular topography can provide information based on a mathematical model for design of a nerve scaffold. Thus, a 3D printed personalized nerve graft may be possible (Murphy and Atala, 2014).

The mainstream method for the study of peripheral nerve fascicular topography is histochemically stained serial sections (Delgado-Martínez et al., 2016). Yet during recent decades, the ability of computer-generated 3D medical image reconstruction has grown (Watchmaker et al., 1991). Studies have shown peripheral nerve anatomical 3D reconstruction using data from histological techniques. However, this method still requires substantial manual workload for image registration and contour acquisition, which not only increases work intensity but also reduces the accuracy of reconstructed fascicles (Pommert et al., 2006).

New medical radiology techniques, including microscopic-computed tomography (micro-CT) and microscopic-magnetic resonance imaging (micro-MRI), are expected to achieve technological breakthroughs for the study of fascicular topography (Gignac and Kley, 2014; Gignac et al., 2016). Researchers have previously reported iodine and freeze-drying enhanced high-resolution micro-CT imaging for reconstruction of 3D intraneural topography of human peripheral nerve fascicles (Zhu et al., 2016; Yan et al., 2017a, b, c). Nevertheless, deformation of nerve samples after iodine pretreatment and freeze-drying is inevitable for micro-CT scanning, and results in changes of physicochemical properties. Consequently, nerve samples cannot be recycled and used for other experiments. Micro-MRI is an emerging radiology technique that has been applied in the brain (Baltes et al., 2009), liver (Pandit et al., 2013), tumor tissue (Olson et al., 2012), and other soft tissue. Micro-MRI is a quantitative and qualitative assessment for local soft tissue edema and adhesions (Paredes et al., 2014), and can be used in combination with a contrast agent for microvascular imaging (Benoit et al., 2009) and pyramidal pathway imaging (Deans et al., 2015). In the field of neuroscience, micro-MRI can be used for evaluating repair of peripheral nerve injury in animal models *in vivo* (Liao et al., 2012), and provide a quantitative measurement that reflects nerve regeneration *via* local peripheral nerve T1 and T2 values (Shen et al., 2010). However, use of micro-MRI for obtaining intraneural structures has not been reported, and its potential remains to be investigated. The aim of this study was to determine the feasibility of micro-MRI for obtaining two dimensional (2D) continuous scanning images of peripheral nerve. By comparing the quality of scanning images in two different scanning conditions (Mannerist Solution/gadolinium-diethylenetriamine pentaacetic acid \[GD-DTPA\] contrast agent and distilled water) as well as 3D reconstruction of peripheral nerve fascicles, our study provides a new method for investigating the internal structure of peripheral nerve.

Materials and Methods {#sec1-2}
=====================

Human peripheral nerve samples {#sec2-1}
------------------------------

Human nerves were excised from the lower limb of three amputation patients at the First Affiliated Hospital of Sun Yat-sen University of China. All human experiments followed procedures approved by the Institutional Review Boards of the Contributing Institutions of the First Affiliated Hospital of Sun Yat-sen University in accordance with the *Declaration of Helsinki*. All donors provided informed consent for donation of their tissue for teaching and research purposes.

Selection of the lower extremity for harvesting nerve samples required no tumor infiltration, no serious soft tissue defects or contamination, no thrombosis in the main arteries of the lower extremities, and no obvious ischemic signs in the lower extremities before amputation.

Nutritional status of the patients was good or moderate (no significant cachexia in tumor patients). Sciatic nerves were harvested from three amputated limbs approximately 2 hours after the main artery was cut. Each sciatic nerve was cut into four short segments (2.5 cm). Sciatic nerves were carefully and appropriately pruned under a microscope, with the surrounding fat tissue removed.

Micro-MRI peripheral nerve scanning conditions and standardized scanning parameters {#sec2-2}
-----------------------------------------------------------------------------------

According to the imaging principle of MRI, two different scanning conditions were selected: one using contrast agent and the other using distilled water. This study used the contrast agent, GD-DTPA (Magnevist; Bayer Healthcare, Berlin, Germany) (molecular weight: 938 kDa, molecular formula: C~14~H~20~GdN~3~O~10~·2C~7~H~17~NO~5~), which is the most commonly used agent for enhanced-MRI. GD DTPA (0.1 mL) was dissolved in 50 mL iodide to obtain a contrast medium solution of 0.2% concentration. Both the T1 and T2 phases were programmed for the two scanning conditions.

To determine the optimized scanning condition for nerve scanning, the samples (*n* = 12; three nerves were obtained, with each nerve cut into four segments) were divided into four groups. The nerve sample was placed in the bottom of the scanning tube, and the tube filled with contrast agent or distilled water. After removing any bubbles, the tube was sealed. In group A, the nerve sample was immersed in contrast agent (Mannerist Solution/GD-DTPA) and scanned in the T1 phase. In group B, the nerve sample was immersed in contrast agent (Mannerist Solution/GD-DTPA) and scanned in the T2 phase. In group C, the nerve sample was immersed in distilled water and scanned in the T1 phase. In group D, the nerve sample was immersed in distilled water and scanned in the T2 phase. After sample preparation, the tube was placed into the head coil of the micro-MRI (M3; Aspect Imaging, Jerusalem, Israel). The scanning parameters are listed in **[Table 1](#T1){ref-type="table"}**.

###### 

Standardized scanning parameters
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Deformation analysis using histological techniques {#sec2-3}
--------------------------------------------------

Deformation of micro-MRI 2D images was analyzed by hematoxylin-eosin staining. Nerve samples were immediately recycled after micro-MRI scanning. Thus, the same nerve sample was first scanned by micro-MRI and then cut into serial sections followed by hematoxylin-eosin staining. Nerves were fixed in 4% paraformaldehyde for 2 hours, followed by several washes in PBS for 24 hours. Fixed nerves were dehydrated using a graded series of ethanol, embedded in paraffin wax, transversely sectioned, and cut to a thickness of 3 mm using a cryostat (CM3050s; Leica, Wetzlar, Germany), and mounted on microscope slides. Sections were stained with hematoxylin and eosin to visualize the transverse nerve structure. The diameter and total area of the nerve were measured. The nerve diameter was the mean of the major and minor diameters. All measurements were performed using ImageJ software (NIH, Bethesda, MD, USA). The actual size was corrected according to the image scale, and the nerve area and diameter measured using an area selection tool and straight line tool.

Assessment of micro-MRI images and 3D reconstruction of peripheral nerve fascicles {#sec2-4}
----------------------------------------------------------------------------------

To determine deformation of our scanning methods, after obtaining micro-MRI images, the sample was fixed and serial histological sections cut. Data were collected and image quality evaluated by three clinical surgeons from the Department of Microsurgery. The observers were blinded to the scanning conditions. A standardized scale (**[Table 2](#T2){ref-type="table"}**) was designed and used to evaluate 2D images. Fascicle recognition capability, image stability, and background noise were the main factors used to evaluate images. One group of continuously scanned images was selected for 3D reconstruction of peripheral nerve fascicles. Data were collected and imported into software (Mimics Research 19.0; Materialise, Brussels, Belgium) for segmentation and 3D reconstruction of peripheral nerve fascicles. The threshold range (maximum threshold range that can segment fascicle area) was narrowed and a mask created. The mask was then split and irrelevant areas removed. Nerve fascicle boundaries were artificially optimized. Each fascicle was precisely segmented using logical operations and region growing.

###### 

Standardized scale for evaluation of micro-MRI images
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Statistical analysis {#sec2-5}
--------------------

Data are represented as the mean ± SD, and were analyzed using SPSS 24.0 software package for Windows (IBM, Armonk, NY, USA). Student\'s *t*-test was used to determine the statistical significance of differences between sample means. Values of *P* \< 0.05 and \< 0.01 were considered statistically significant.

Results {#sec1-3}
=======

Rapid micro-MRI peripheral nerve scanning images and quality evaluation {#sec2-6}
-----------------------------------------------------------------------

Freshly harvested human sciatic nerves from amputated limbs were cut into 2.5 cm segments. Nerve samples in all groups followed the protocol outlined in **[Figure 1](#F1){ref-type="fig"}**, including micro-MRI scanning following by serial sectioning and hematoxylin-eosin staining. Samples in all four groups underwent continuous scanning (**[Figure 2](#F2){ref-type="fig"}**) with a scanning accuracy of 50 μm. For groups A and B, nerve samples were immersed in Mannerist Solution contrast agent and scanned in T1 and T2 phases. Fascicular area showed a low signal, while the scanning background had a high signal. For groups C and D, nerve samples were immersed in distilled water and scanned in T1 and T2 phases. Fascicular area exhibited a higher signal, while the scanning background showed a lower signal. Nerve fascicles could be manually identified in all groups.

![Schematic views of our rapid micro-MRI nerve scanning method for three-dimensional reconstruction of peripheral nerve fascicles.\
Micro-MRI: Microscopic-magnetic resonance imaging.](NRR-13-1953-g004){#F1}

![Micro-MRI scanning images.\
Group A: The nerve sample was immersed in contrast agent (Mannerist Solution) and scanned in the T1 phase. Group B: The nerve sample was immersed in contrast agent (Mannerist Solution) and scanned in the T2 phase. Group C: The nerve sample was immersed in distilled water and scanned in the T1 phase. Group D: The nerve sample was immersed in distilled water and scanned in the T2 phase. A1, B1, C1, D1: Axial images; A2, B2, C2, D2: sagittal images; A3, B3, C3, D3: coronal images. Micro-MRI: Microscopic-magnetic resonance imaging.](NRR-13-1953-g005){#F2}

Deformation comparison between micro-MRI and hematoxylin-eosin staining {#sec2-7}
-----------------------------------------------------------------------

After micro-MRI scanning, the nerve sample was cut into serial sections and stained with hematoxylin and eosin to compare images using both methods. Images displayed great similarity in morphology. Nerve diameter and total nerve area were measured to examine deformation (**[Figure 3](#F3){ref-type="fig"}**). Diameter measured from micro-MRI images was 4.66 ± 0.07 mm, which was not significantly different from that measured from hematoxylin-eosin stained images (4.76 ± 0.13 mm). Total area of micro-MRI images was 18.28 ± 0.38 mm^2^, which was significantly reduced compared with hematoxylin-eosin stained image areas, which measured 20.99 ± 0.70 mm (*P* \< 0.01). These data demonstrate that MRI imaging shows good stability and results in less sample deformation.

![Deformation analyses of micro-MRI scanning images and HE staining histological section images.\
The same nerve sample was first scanned by micro-MRI and then cut into serial sections, with HE staining used to compare images of both methods. (A) Micro-MRI scanning images. Scale bars: 1 mm. (B) Histological sections of HE stained images. Scale bars: 1 mm. (C) Comparison of nerve diameters in both image groups. (D) Comparison of total nerve area in both image groups. Student\'s *t*-test was used to examine the statistical significance of differences between sample means. Data are expressed as the mean ± SD. \*\**P* \< 0.01. Micro-MRI: Microscopic-magnetic resonance imaging; HE: hematoxylin-eosin.](NRR-13-1953-g006){#F3}

Segmentation and 3D reconstruction of peripheral nerve fascicles {#sec2-8}
----------------------------------------------------------------

Micro-MRI images were evaluated by three clinical surgeons with more than 20 years of experience. The surgeons scored each consideration factor from 1 to 5. Group A was considered the best among all groups with a mean score of 12.6, while mean scores in other groups were: 9.3 (B), 8.3 (C), and 11.6 (D). Group A (scanning condition: contrast agent, T1 phase) was selected for 3D reconstruction of peripheral nerve fascicles (**Figures [3](#F3){ref-type="fig"}**--**[5](#F5){ref-type="fig"}**). Each fascicle was observed and analyzed independently. Color-coded 3D models clearly identified morphology, aggregation, and distribution. Application of a semi-automatic segmentation method *via* Mimics software met the requirements for 3D reconstruction of nerve fascicles.

![Segmentation of two-dimensional micro-MRI images.\
(A) Original micro-MRI scanning images. (B) A narrowed threshold range and mask were created to identify segmentation fascicle area. (C) Split mask for removal of irrelevant areas. (D) Artificially optimized boundaries of nerve fascicles. Scale bars: 1 mm. (E) Each fascicle was precisely segmented using logical operations and region growing. Different colors were randomly chosen to illustrate the segmentation process of micro-MRI images, with different fascicles shown in various colors to ensure that the quality of micro-MRI images meet the requirements for fascicular segmentation. Micro-MRI: Microscopic-magnetic resonance imaging.](NRR-13-1953-g007){#F4}

![Three-dimensional reconstruction of peripheral nerve fascicles based on micro-MRI scanning images.\
(A) Original micro-MRI scanning image (T1 phase images of nerve sample immersed in contrast agent). (B) Overall view of the nerve fascicle reconstruction model. Each individual fascicle can be observed and independently analyzed, clearly showing morphology, aggregation, and distribution. Arrows show the four different types of fascicular topography. (C) The reconstructed fascicular model is presented from different angles (left, right, top, and bottom). Different fascicles in various colors (each color is the same as which in [Figure 4](#F4){ref-type="fig"}) show whether the quality of micro-MRI images meets the requirements for three-dimensional reconstruction. Micro-MRI: Microscopic-magnetic resonance imaging.](NRR-13-1953-g008){#F5}

Discussion {#sec1-4}
==========

Understanding of fascicular topography of peripheral nerves can ensure correct matching of nerve fascicles in nerve repair, which will maximize growth efficiency of axons and matching of fiber type during nerve regeneration. During nerve transposition repair, surgeons must combine topological information of nerve fascicles to minimize injury of donor nerve function and improve recovery of nerve function in recipient areas (Terzis and Kostopoulos, 2007). In the clinic, surgical repair after brachial plexus injury is an example of this application. Siqueira et al. (2010) reported a microanatomical study of the intraplexal topography of the suprascapular nerve, which may benefit suprascapular nerve reconstruction using a sural nerve graft. Their results showed that coaptation should be performed in the rostroventral quadrant of the C5 cross-sectional area (between 9 and 12 o'clock from the nerve surgeon\'s perspective in a right-sided brachial plexus exploration), which may minimize axonal misrouting and improve outcome (Siqueira et al., 2010). In addition, study of peripheral nerve fascicular topography will reduce iatrogenic nerve injury during surgery. In oral and maxillofacial surgery, there are reports on topological structure of the facial nerve. For nerve transposition and repair in patients with facial paralysis, the selected motor nerve must provide strong muscle contraction to allow patients to control facial movement. Therefore, it is crucially important to locate motional components of transposition nerve tracts. Accordingly, topological structure of nerve bundles can help optimize function matching (Hur et al., 2013).

An urgent problem in the field of peripheral nerve surgery is the lack of biomimetic nerve grafts to repair long segments of peripheral nerve defects. In different clinical conditions, the location, range, and nature of nerve injury can vary greatly from individual to individual (Scheib and Hoke, 2013; Jones et al., 2016). Thus, no existing nerve grafts (autologous nerve, multi-channel catheter, or acellular nerve grafts) can achieve satisfactory matching (Wegst et al., 2015). As tissue engineering develops, design and clinical application of individualized precise medical nerve grafts will be the future trend for treatment of peripheral nerve injury (Gu et al., 2014). Personalized nerve grafts based on 3D printing can precisely match the nerve structure around the defect, and have shown good application, prospect, and value (Hu et al., 2016). Tissue-engineered nerve grafts show potential as alternatives to existing nerve grafts (Feng et al., 2017). Our previous studies have shown significant differences of inner fascicular topography among different types of peripheral nerves, and indeed different levels in the same nerve (Zhong et al., 2015). Moreover, in a sciatic nerve defect animal model, we found that precisely matching fascicles can enhance the repair capacity of autologous nerve grafts for peripheral nerve injury (Yan et al., 2017a, b c). The results of this study provide a theoretical basis for future tissue-engineered nerve graft designs, including biomimetic fascicle pathways for repairing long nerve defects. Lack of extensive data on inner fascicular topography of peripheral nerves and nerve manufacturing deficiencies are two bottlenecks that must be solved before creating biomimetic peripheral nerve grafts.

The study of fascicular topography is far from satisfactory. Emerging imaging technologies, including micro-CT and micro-MRI, provide new research methods but have limitations. Micro-CT can provide high-resolution imaging of peripheral nerve internal submicroscopic structures, and its high fidelity and continuous imaging provide a reliable support for establishment of a digital information bank for peripheral nerve anatomical microstructures. Micro-CT peripheral nerve scanning still faces technical problems, including enhancement and optimization of images, deformation after pretreatment of nerve samples, 2D image optimization for 3D reconstruction, and a massive demand for hardware and software. Although this method provides a better means of obtaining peripheral nerve topology, future research efforts that include integrating various methods, minimizing nerve sample deformation, and permitting sample reutilization, will provide more accurate fascicular topology. Nonetheless, this is the first study to report intraneural images acquired *via* micro-MRI technology. Neuroimaging has always been very challenging for clinical radiology. Although MRI has shown advantages in soft tissue imaging, intraneural scanning has yet to be accomplished because of its low contrast ratio and resolution. This study achieved rapid micro-MRI nerve scanning using standardized scanning parameters and optimized scanning conditions. Further, the images can be used for 3D reconstruction of peripheral nerve fascicles. Nerve samples were preserved and freshly scanned. Due to the rapid scanning time, sample deformation caused by swelling was minimized. Using this protocol, nerve samples can be used for other procedures.

The MRI device used in this study can only be used with semi-automatic manual segmentation. Micro-MRI has been used as a quantitative and qualitative assessment in many studies, and many MRI devices for scientific research have reached 7T (Olson et al., 2012), which presents high sensitivity and has many indications (Obusez et al., 2016; Cong et al., 2017). We expect that use of an upgraded MRI device in the future will provide fascicular scanning images with improved resolution. Other factors such as concentration of the contrast agent, size of the sample and scanning coil will provide even more significance. Another drawback of our study is that we cannot obtain long segment (\> 5 cm) reconstruction of fascicular structure, because of the limitation of scanning bin size. Indeed, the current level of research can only be used to scan short nerve segments using radiology methods. It will be challenging to solve the following problems: (1) image mosaicism; (2) specimen deformation; and (3) fascicle matching and positioning between segments. To analyze the fascicle pattern and trace to target organs, long segment reconstruction of fascicular structure and massive data collection are essential. Hence, numerous technical difficulties still need to be solved in actual practice.

In summary, the rapid micro-MRI nerve scanning method described in this study facilitates acquisition of the 3D topography of peripheral nerve fascicles, which may improve understanding of neurobiological principles and guide accurate nerve transposition repair. The 3D fascicular model can be used as a bio-fabrication model, which presents a good solution for long nerve gap repairs. This method has more potential applications when combined with higher power micro-MRI equipment. Future studies analyzing peripheral nerve microstructure still require the combination of various technologies.
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